ABSTRACT Time courses of '3C labeling from alanine and ethanol in perfused mouse livers have been followed by NMR. The enrichment at specific carbons of glucoge, glutamate, glutamine, aspartate5 acetate, acetoacetate, f3-hydroxybutyrate, and lactate has been measured. The specific labeling of glutamate in the presence of labeled alanine and labeled or unlabeled ethanol shows that, under these conditions, alanine enters the tricarboxylic acid cycle almost exclusively through pyruvate carboxylation, whereas ethanol is the exclusive source of acetyl-CoA. In the absence of ethanol, the alanine label flows through both paths. By comparing the scrambling of 13C between C3 and C2 of glutamate it is possible to estimate the mitochondrial fumarase activity; the C6-to-C5 ratios in glucose give the additional scrambling by cytosolic fumarase activity. In addition, the C6-to-Ci and C5-to-C2 ratios in glucose show that there is about 15% flux through the pentose cycle. Finally, the C4-to-C2 ratios in glutamine and glutamate are unequal at any time (the glutamine labels reflect the label distribution in glutamate measured 1 hr earlier), providing a method for studying flow through glutamine synthetase in situ.
12
-13C]glycerol to the 2 and 5 positions of glucose-as well as to determine the fluxes through the oxidative and nonoxidative parts of the pentose cycle. An earlier report (2) presented preliminary data assigning the numerous peaks observed when [3-'3C] alanine was used as a substrate for gluconeogenesis in suspensions of rat liver cells.
In the present paper we present the results of a 13C NMR study of gluconeogenesis from [3-'3C] 24 hr before the start of the pertusion experiment. The method of perfusion was essentially that described by Williamson et al. (5) , except that the perfusate flow rate was 6 ml/min and a Silastic oxygenator maintained at 43°C was used. The perfusion fluid was Krebs' bicarbonate buffer containing 15% 2H20 and 3% bovine serum albumin (fraction V, Sigma) dialyzed against the Krebs medium. The pH of the perfusate after equilibration with Watersaturated 95% 02/5% CO2 in the oxygenator was 7.35 and remained at that value throughout the perfusion. L-[3-13C]Alanine and [2-13C] ethanol (90% isotopic purity) were from Merck. The perfused mouse liver was placed in position to fill the radio-frequency coil space in a 15-mm-diameter NMR tube, at which time the perfusion was made recirculating. NMR spectra were measured on a Bruker WH-360 spectrometer at 90.5 MHz at 35 + 1°C. Each 13C NMR spectrum of perfused liver is the Fourier transform of the accumulation of 3600 radio frequency pulses of 300 free-induction decays of 8000 data points each, with 0.5-sec recovery time between pulses. The perfusate spectra were recorded with 2-sec recovery time; these conditions were found to produce no saturation effects in the regions of interest. '3C chemical shifts are given relative to tetramethylsilane at 0 ppm. For each liver, a cell background spectrum requiring 0.5 hr of accumulation time was recorded before the '3C-labeled substrate was added. 31P NMR spectra were used to monitor the state of energization of the perfused liver (6) . The ATP/ADP ratio and the total concentration of ATP plus ADP remained constant over all representative 5-hr perfusions so monitored.
EXPERIMENTAL RESULTS Fig. 1c shows the '3C NMR spectra of a perfused liver from a 24-hr fasted mouse, taken before any '3C-enriched substrate was added. The peaks labeled 1, 2, 6, 7, 8, 9, 11, 12, and 13 Because the NMR spectra are accumulated continually, it is possible to plot time courses of changes in intensity. In Fig.  3 the metabolite peaks observed in the presence (a and b) and absence (c and d) of unlabeled ethanol are compared. The presence of ethanol increased the rate of alanine consumption by about 50% and increased the rate of labeled glucose production by ;75%. The levels of labeled lactate from alanine were somewhat more than twice as high in the presence of ethanol. The glutamate and glutamine levels were unaffected by ethanol in the first hour. However, in the presence of ethanol at the several millimolar level, maintained by a second addition at 90 min, the glutamate level remained constant (Fig. 3b) but in its absence it decreased (Fig. 3d) . The aspartate level decreased rapidly in the presence of ethanol; in the absence of ethanol, aspartate was below our level of detection.
Even more information is obtained from Fig. 4 , which shows metabolite levels in perfused mouse liver after incubation with 13 -13C]alanine and [2-13C] ethanol. Interpretation is complicated slightly by the second addition of labeled ethanol at 90 min to replenish the diminishing supply. Fig. 4a shows that the acetate level continued to increase as long as ethanol was available. The alanine signal increased during the first 30 min presumably because it is transported rather slowly from the perfusate. Fig.  4b shows that the glucose level increased steadily over the entire time course, implying that there is a delay before the lower alanine level at the end of the run affects the glucose production rate whereas the lactate level decreased toward the end.
At the initial level of alanine used here, 8 mM, the intracel- Fig. 3 a and b was 4 .4 mM, whereas in Fig. 3 c and d it was 3.0 mM; in Fig. 4 the final glucose concentration is estimated to have been 6.0 mM. Fig. 5 is that, at any particular time, the C4/C2 ratio was different in glutamate (0) and glutamine (0). Hence, these metabolites are not in equilibrium. Furthermore, it is clear even without analysis that the ratio in glutamine reflects the glutamate ratio that existed about 1 The labeled alanine substrate is expected to be converted to [3-'3C] pyruvate from which there are two paths into the tricarboxylic acid cycle. The first, through pyruvate carboxylase, has just been discussed. In the second path, pyruvate will form [2-13C]acetyl-CoA through the activity of mitochondrial pyruvate dehydrogenase. This '3C source will directly label C4 of glutamate and, hence, glutamine. In an experiment in which only [3-'3C]alanine was added (Fig. 5, bottom curve) , the data show appreciable flux through both of these paths. With [3- '3C]alanine as the sole substrate, the C4/C2 ratio for 13C enrichment in glutamine is constant with time at about 0.5.
Figs. 2 and 5 show that, when ethanol is added with alanine, glutamate C4 and glutamine C4 are strongly labeled when ethanol is labeled but they are not labeled when ethanol is not labeled. Hence, ethanol is the dominant source of acetyl-CoA. In liver, ethanol is oxidized to acetate with the production of cytosolic and mitochondrial NADH. The coordination of two control mechanisms provides a reasonable explanation of why, in the presence of ethanol, the flux from alanine is through pyruvate carboxylase and not pyruvate dehydrogenase. First, both NADH and acetyl-CoA facilitate the conversion of the pyruvate dehydrogenase complex to its inactive form (16) . Second, in a complementary fashion, acetyl-CoA is an activator for pyruvate carboxylase (17) .
There is a 47% increase in labeled glucose produced from [3-13C] alanine in the presence of unlabeled ethanol (Fig. 3a) compared with [3- 13Cjalanine as the only substrate (Fig. 3c ).
This observation is compatible with a flux of about one-third of the labeled pyruvate through pyruvate dehydrogenase in the latter case if the label going into acetyl-CoA were mainly incorporated into glutamate and the ketone bodies, which seems to be the case.
In summary, to a first approximation, [2-13C] ethanol labels acetyl-CoA and hence glutamate C4, whereas C2 and C3 of glutamate are derived from [3-13C] alanine only. Thus, the glucose C3 and C4 labels, which can be traced back to the C2 of ca-ketoglutarate having gone through the tricarboxylic acid cycle to malate, are derived from and not from labeled ethanol. On the other hand, glucose carbons 1, 2, 5, and labeled a-ketoglutarate continues through the tricarboxyclic acid cycle to L-malate. Hence, we expect that the C3 and C4 glucose intensities should be the same in all six rows of Table  1 . Normalizing C3 and C4 of glucose in the labeled ethanol/ labeled alanine experiments (first three rows) to the expected 19% enrichment (last three rows), we estimate than an additional 39% enrichment at glucose carbons 1, 2, 5, and 6 is due to the '3C labels derived from [2-13C] ethanol. This result agrees with the 36% increase in final glucose concentration seen in Fig.  5 compared with the final level observed in Fig. 4a .
Here we see how 13C NMR spectra of a perfused liver are capable of following the time course of different labels in the same molecules with accuracy and resolution. For an illustration of the importance of knowing these details, note in Figs. 3 and 4 that glutamate levels in the absence of ethanol decreased with time. Both higher (3) (by about 25%) and unchanged (4) glutamate levels have been observed previously upon the addition of ethanol to alanine in perfused rat liver. It is clear from the time course of in situ measurements shown in Fig. 3 that both of these apparently contradictory findings are sometimes true. The relative fluxes of label into oxaloacetate and acetyl-CoA, which are subsequently monitored at glutamate, can be altered by unlabeled pools. In Fig. 5 the C4/C2 glutamate ratio increases with time, presumably because of decreasing contributions from unlabeled acetyl-CoA. Because one molecule of oxaloacetate combines with one of acetyl-CoA, one expects that the C4/C2 ratio of glutamate will be unity when both sources are completely labeled and the labels are not scrambled. At the end of the experiment (Fig. 5 ) the C4/C2 ratio approached 1.5, which is consistent with the scrambling observed in glutamate and glutamine (Table 1) where the C3/C2 ratio was 0.5.
As noted above, Fig. 5 shows that the C4/C2 ratios in glutamate and glutamine are not equal, although both change with time. Presumably the increase in these ratios with time and with increasing concentration of [2-13C] acetate (Fig. 4) reflects the diminishing contribution of an unlabeled pool of acetyl-CoA. It is well known that the mitochondrial and cytosolic pools of glutamate are in rapid equilibrium (18) . Hence, when synthesized, glutamine reflects the glutamate label. Therefore, the unequal C4/C2 ratios show that glutamine reflects the glutamate ratio that existed about 1 hr earlier and the glutamine labeling is a measure of the integrated flux through the allosteric enzyme glutamine synthetase. This disequilibrium provides us with a method for studying the flow through this enzyme in situ and for measuring the control of this flux by varying conditions.
In Fig. 1 the spectra provide an equally exciting opportunity to study the flow in situ through pyruvate kinase. From the relative amounts of 13C at C2 and C3 of lactate and of alanine, it is possible to calculate the relative fluxes through pyruvate kinase from scrambled phosphoenolpyruvate.
Returning to the label distribution observed in glucose, in Table 1 we note that glucose C3 and C4 are approximately equally labeled, indicating that, to within experimental error, the triose pool is maintained in equilibrium by triosephosphate isomerase, an often-discussed point (19, 20) . On the other hand, the enrichments at C1 and C2 are much lower than those at C6 and C5 due to the liver pentose cycle activity (21) . Without a detailed kinetic analysis, in this complex case one can only say that the average C5/C2 and C6/Cl ratios are consistent with a 15% pentose cycle contribution, but this estimate is very rough. This pentose cycle activity is higher than the 10% observed in a 13C study of isolated hepatocytes (1) and approaches the 22% activity calculated in a 14C study of regenerating rat liver (21) . The understanding of the gluconeogenic pathway derived from the present 13C NMR experiments obviously can be extended by changing experimental conditions.
